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Method for oporating q GomprooGion ignition intcriiQl combuotion cngino 
METHOD FOR OPERATING A COMPRESSION IGNITION 
5 INTERNAL COMBUSTION ENGINE 

BACKGROUND AND SUMMARY OF THE INVENTION 

The invention relates to a method for operating a compression ignition 
1 0 internal combustion engine in aoGordanco with the preamble of claim 1 . 

Two of the objectives in the development of new diesel internal 
combustion engines are to reduce the fuel consumption and to minimize 
exhaust emissions, in particular the emissions of nitrogen oxides and 
15 the formation of particulates. In modern compression ignition internal 

combustion engines, exhaust gas recirculation is often used as a means 
for lowering emission levels, with an exhaust gas recirculation rate 
being set as a function of the load point. 

20 The nitrogen oxide emission levels can be lowered further by using an 

SCR catalytic converter, in which the addition or metering of a reducing 
agent, e.g.j. ammonia, is implemented proportionally to the formation of 
nitrogen oxides in the internal combustion engine. The required safety 
devices only permit limited conversion rates in an SCR catalj^ic 

25 converter of this type of between 60% and 70%, since the untreated 

nitrogen oxide emissions from the internal combustion engine can only 
be determined from known engine map data. At present, sensors for the 
direct measurement of the concentrations of nitrogen oxides or 
ammonia in the exhaust gas are still in the research stage, since 

3 0 sensors of this t3^e are currently still excessively inaccurate or 

extremely sensitive to external influences. 

The fuel economy of an internal combustion engine generally results 
only indirectly from the engine maps for the respective injection point 
3 5 stored in the engine control unit. There is no feedback or correction 

based on the current efficiency or fuel consumption of the internal 
combustion engine. 



40 



DE 197 34 494 Cl has disclosed a method for operating an internal 
combustion engine, in which a recirculation rate of the exhaust gas is 



2 

calculated on the basis of a two-fold measurement of the oxygen 
concentration in the exhaust gas and in the charge air. In this method, 
in addition to the fact that the outlay on measuring equipment is high, 
only the recirculation rate of the exhaust gas is determined. 

DE 100 43 383 C2 has disclosed a method for determining the nitrogen 
oxygen content in exhaust gases from internal combustion engines, in 
which the air mass fed to the internal combustion engine is recorded, 
with the combustion center of gravity being determined from at least 
one current measured value for the engine operation. The untreated 
NOx emissions are calculated from the value for the position of the 
combustion center of gravity and the values for the recorded fuel 
quantity and air mass. 

The combustion center of gravity uses the first law of thermodynamics 
to describe the state in the combustion chamber in which 50% of the 
fuel energy introduced has been converted. The position of the center of 
gravity is the associated crank angle position, i.e. a crank angle position 
of the piston, at which 50% of the quantity of fuel participating in the 
combustion has been converted into heat. 

The considerable outlay involved in the simultaneous determination of 
air, fuel and exhaust gas recirculation rates is disadvantageous, since a 
combustion chamber pressure profile resolved on the basis of the crank 

2 5 angle is required for the calculation of the combustion center of gravity, 

and this pressure profile is complex to determine by metrology. 

Therefore, the invention is based on the object of providing a method for 
controlling an internal combustion engine which ensures consumption- 

3 0 optimized operation of the internal combustion engine combined, at the 

same time, with a drop in the NOx emissions. 

According to the invention, this object is achieved by a method having 
the foQturcG of claim 1 for operating a compression-ignition internal 
35 combustion engine. The method includes metering in a quantitv of fuel 

as a function of an operating point of the engine during a w orking cvcle, 
and iniecting the quantitv of fuel which is metered in into the 
combustion chamber in such a manner that a combustion center of 
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gravity is positioned at a defined crank angle position independently of 
the operating point of the internal combustion engine . 

[[The]] In a method according to the invention^ is diotinguiohod by the 
5 fact that a quantity of fuel is metered in as a function of the operating 

point during a working cycle of the internal combustion engine[[, with]] 
is the metered quantity of fuel being injected into the combustion 
chamber in such a manner that a position of each combustion center of 
gravity is at a predetermined crank angle position independently of the 
10 operating point of the internal combustion engine. 

According to the present invention, the efficiency of the compression 
ignition internal combustion engine is directly related to the position of 
the combustion center of gravity. In this case, the engine parameters 
1 5 are set in such a manner that the position of the center of gravity is at a 

defined crank angle position independently of the operating point 
currently being run during the respective combustion or during each 
combustion. This crank angle position can be determined for the 
respective internal combustion engine before it starts to operate, e.g.^ on 

2 0 an engine test bench. A maximum efficiency is achieved at this position 

of the combustion center of gravity which has been predetermined for 
the respective internal combustion engine. This predetermined position 
of the center of gravity should then as far as possible be maintained 
throughout the entire service life of the internal combustion engine. 

25 

According to a further configuration of the invention, a current position 
of the combustion center of gravity is determined as a function of a 
recorded pressure profile in the combustion chamber, the pressure 
profile in the combustion chamber preferably being recorded by mcanG 

3 0 ^ a sensor. This achieves accurate determination of the position of the 

center of gravity. For this purpose, it is preferable to determine the 
current value of the center of gravity position of the combustion with 
the aid of a calculation model, so that the metrology outlay can be 
reduced further. 

35 

In a further configuration of the invention, the current combustion 
center of gravity is determined as a function of a crank angle position at 
which a maximum cylinder pressure is recorded in the combustion 
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chamber. Accordingly, the center of gravity position of the combustion is 
determined with the aid of an empirical model by moans of a point in 
time at which the maximum pressure in the cylinder, e.g.^ an ignition 
pressure, is reached. According to the present invention, the center of 
5 gravity position is dependent on the crank angle position of the 

maximum pressure occurring in the combustion chamber. This 
significantly simplifies determination of the combustion center of 
gravity, since there is no need for processing or detailed resolution of 
the entire cylinder pressure profile in the combustion chamber on the 
1 0 basis of the crank angle during combustion. 

According to a further configuration of the invention, the current 
combustion center of gravity is determined as a function of a fuel 
injection duration, the start of fuel injection, a charge mass in the 
15 combustion chamber and the speed of the internal combustion engine. 

In this context, the charge mass can be taken from the engine maps 
stored in the engine control device, in order to simplify the method. As a 
result, determination of the combustion center of gravity using an 
empirical model is further simplified. Therefore, rapid calculation or 

2 0 determination of the position of the combustion center of gravity can be 

achieved without having to use complex sensors in the combustion 
chamber. 

According to a further configuration of the invention, an exhaust gas 
25 recirculation quantity for setting a defined oxygen concentration in the 

combustion chamber is set as a function of the center of gravity position 
of the combustion. In this case, the required exhaust gas recirculation 
rate is calculated from the determined untreated NOx emission from 
the internal combustion engine, and the exhaust gas recirculation is 

3 0 controlled until a defined oxygen concentration is established in the 

combustion chamber. It is preferable for a desired value for the oxygen 
concentration to be stored as a constant value in an engine map for the 
internal combustion engine stored in the engine control device. 

35 In one configuration of the method according to the invention, the 

position of the combustion center of gravity is set by varying the start of 
the compression ignition and/or by varying the fuel injection. This 
results in targeted and rapid control of the internal combustion engine 
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at the respective load point, so that the internal combustion engine can 
operate with a maximum efficiency and reduced formation of imtreated 
NOx emissions. 



5 Further features and combinations of features will emerge from the 

description. Specific exemplary embodiments of the invention are 
illustrated in simplified form in and explained in more detail with 
reference to the following drawings , in which: . 



10 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a cross section through a cylinder of a direct 

injection compression ignition internal combustion engine, 

Fig. 2 diagrammatically depicts an efficiency curve for an 

15 internal combustion engine as shown in Fig. 1 as a 

function of the position of the combustion center of gravity, 

Fig. 3 shows a schematic diagram of the position of the maximum 

cylinder pressure of the internal combustion engine shown 
2 0 in Fig. 1 as a function of the position of the combustion 

center of gravity. 

Fig. 4 diagrammatically depicts a comparison between two 

calculation methods used to determine the position of the 

2 5 combustion center of gravity. 

Fig. 5 diagrammatically depicts a correlation between a 

measured position of the center of gravity and a position of 
the center of gravity calculated in accordance with a 

3 0 model, 



Fig. 6 diagrammatically depicts a gas temperature curve in the 

combustion chamber of an internal combustion engine as 
shown in Fig. 1 during combustion, 

35 

Fig. 7 diagrammatically depicts a relationship between a 

gradient of the gas temperature and the untreated NOx 



emission from an internal combustion engine as shown in 
Fig. 1, 



Fig. 8 



diagrammatically depicts the maxima for mean gas 
temperatxire in the combustion chamber as a function of 
the instantaneous untreated NOx emission from an 
internal combustion engine as shown in Fig. 1, 



Fig. 9 



diagrammatically depicts the curve of an NOx reduction 
rate as a function of an exhaust gas recirculation rate, and 



Fig. 10 



diagrammatically depicts the curve of an NOx reduction 
rate as a function of an oxygen concentration in the 
combustion air of an internal combustion engine as shown 
in Fig. 1. 



DETAILED DESCRIPTION OF THE DRAWINGS 



Fig. 1 illustrates a cross section through a cylinder block 1 of a 
compression ignition internal combustion engine with direct injection. A 
piston 12 is guided displaceably in a cylinder 2, and the top side of this 
piston, together with a cylinder head 13, delimits a combustion chamber 
11. An intake valve 14 and an exhaust valve 17 are arranged in the 
cylinder head 13, with the combustion air which is required being fed to 
the combustion chamber 11 through the intake valve 14 via an 
induction pipe 15. It is preferable for the respective air mass to be 
recorded by an air mass measuring device 16, which is connected to an 
engine control device 6 via a line 22. 

Combustion gases pass through the exhaust valve 17 into an exhaust 
pipe 18, which leads to an exhaust gas aftertreatment device (not shown 
in the drawing). This exhaust gas aftertreatment device in particular 
includes an SCR catalytic converter for effectively lowering the NOx 
emission levels. Furthermore, an exhaust gas recirculation line 19 
which branches off from the exhaust pipe 18 serves to recirculate 
combustion gases into the induction pipe 15. A flow meter 20 for 
recording the flow of exhaust gas which is recirculated and setting the 
quantity of exhaust gas which is recirculated is located in this exhaust 
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gas recirculation line 19. The recorded quantity of recirculated exhaust 
gas is transmitted to the engine control device 6 via a line 21. 

Furthermore, a pressure sensor 3, which transmits the pressure which 
5 is present in the combustion chamber via a connecting line 4 to the 

engine control device 6, is arranged in the combustion chamber 11, in 
the cylinder head 13. A fuel injection valve 25, which is connected to an 
injection pump 23 via an injection line 26, is also arranged in the 
cylinder head 13. A measuring apparatus 24 for recording the fuel 
10 quantity is provided between the injection pump 23 and the fuel 

injection valve 25. This fuel measuring device 24 is connected to the 
engine control device 6 via an electric line 27. The injection pump 23 is 
likewise connected to the engine control device by a control Une 28. 

15 The method according to the invention is aimed at operating the 

internal combustion engine with optimized consumption, a high 
efficiency and as far as possible at the same time minimized NOx 
emissions. According to the invention, the fuel injection valve 25 is used 
to introduce a quantity of fuel which is dependent on the operating 

2 0 point into the combustion chamber 11. This quantity of fuel is 

introduced into the combustion chamber 11 in such a manner that a 
defined position of the center of gravity is at a constant and 
predetermined crank angle position during each combustion operation, 
i.e. independently of the operating point. As shown in Fig. 2, operation 

2 5 of the internal combustion engine is optimized in terms of consumption 

at this predetermined center of gravity position of the combustion 
(desired center of gravity), which is stored in engine control device 6. To 
ensure consumption-optimized operation, a current center of gravity 
position for the combustion is determined and compared with the 

3 0 desired center of gravity. If there is any deviation, required operating 

parameters are altered until the position of the combustion as far as 
possible corresponds to the desired center of gravity. 

Since, in accordance with the present invention, the efficiency of the 
3 5 compression ignition internal combustion engine is directly related to 

the position of the combustion center of gravity, the engine parameters, 
in particular the fuel injection parameters, such as injection point, 
injection duration and injection cycle, are set in such a manner that the 



8 

optimum position of the center of gravity is present dxiring the 
respective combustion or during each combustion. The optimum 
position of the combustion or the desired combustion center of gravity 
can be determined for the respective internal combustion engine, for 
5 example on an engine test bench. This desired value is then stored in 

the engine control device 6 for the respective internal combustion 
engine. 

The center of gravity position can be set or the current value can be 
adapted to the desired value by means of var3dng the start of 
compression ignition and/or by means of varying the fuel injection. As a 
result, targeted and rapid control of the internal combustion engine is 
carried out at the respective load point, so that the internal combustion 
engine is operated with a high efficiency. If, for example, the load- 
dependent fuel quantity is introduced into the combustion chamber 11 
in the form of a preinjection, a main injection and optionally also an 
afterinjection, it is possible for both the injection points and the fuel 
quantity ratios of the respective partial quantities to be varied in order 
to adapt the current center of gravity position of the combustion to the 
desired value. Furthermore, the fuel injection pressures of the 
preinjection, the main injection and the optional afterinjection can be 
varied. 

Various methods for determining the position of the center of gravity 
are known. The conventional calculation method is based on the 
analysis of the cylinder pressure curve of the respective combustion. 
The first law of thermodjniamics is used as a basis for this. This method 
requires the pressure profile in the combustion chamber, the change in 
volume, a model for the wall heat losses and the charge mass to 
determine the current center of gravity position. 

Alternatively, the position of the center of gravity can be determined 
from the heating profile of the combustion. This accordingly requires 
temperature-dependent calculation of the internal energy or the 
35 polytropic exponent. This is likewise based on the first law of 

thermodynamics, and it is necessary to know the pressure profile in the 
combustion chamber, the change in volume and the charge mass of the 
respective combustion. This method can be carried out as an on-line 
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calculation on the engine test bench or at the engine in the engine 
control device. This method has only minor deviations from the first 
calculation method. 

5 According to the invention, a further method for determining the 

position of the center of gravity can be carried out with the aid of an 
empirical model made up of injection data, such as start of injection, 
injection duration, and the engine speed of the internal combustion 
engine if the charge mass is known, the charge mass preferably being 

1 0 stored in an engine map stored in the engine control device 6. According 

to the invention, the center of gravity position in degrees crank angle is 
determined primarily by the data for the start of injection, the injected 
fuel quantity or injection duration and the engine speed. Late starts of 
injection, higher injection quantities and engine speeds shift the center 

15 of gravity position away from a top dead center TDC into the expansion 

phase. The air mass in the cylinder 2 also has a slight influence. 

An equation for calculating the position of the center of gravity in 
degrees crank angle reads as follows: 
20 SP = ao + ai • SB + a2 • SD -H as ' t + a4 • mcyi. 

In this equation, SP denotes the position of the combustion center of 
gravity, SB denotes the start of injection, SD denotes the injection 
duration, t denotes the time per working cycle, mcyi denotes the charge 

25 mass. The coefficients ao to a4 are model coefficients for the respective 

internal combustion engine. The quality of the model in accordance with 
the above equation can be seen from the illustration in Fig. 5, which 
reveals a good correlation between the position of the center of gravity 
determined by the model and a position of the combustion center of 

3 0 gravity calculated using the first law of thermod3niamics. 

The pressure sensor 3 provided in the combustion chamber 11 is 
preferably used to record a pressure profile in the combustion chamber 
11 during a working cycle and to transmit this pressure profile to the 
35 engine control device 6. The current center of gravity position of the 

combustion can be determined from the pressure profile recorded. The 
position of the center of gravity changes with respect to the crank angle 
if the combustion profile changes. An efficiency of the internal 
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combustion engine, which in accordance with Fig. 2 is directly related to 
the position of the combustion center of gravity, is determined with the 
aid of the engine control device 6 using the recorded pressure profile 
and the metered quantity of fuel for each working cycle. In this case, 
5 the combustion center of gravity can be calculated from the indexing of 

the cylinder pressure in combination with measurement of the piston 
position in the combustion chamber using the first law of 
thermodsniamics . 

10 In accordance with Fig. 2, a maximum efficiency in the internal 

combustion engine is to be set for a defined position of the center of 
gravity independently of the load point. In this case, it is necessary to 
control the combustion in such a manner that the position of the 
combustion center of gravity is at the piston position at which the 

15 maximum efficiency is reached, e.g.^ in accordance with Fig. 2 at 5°CA 

after TDC. This may generally be a narrow range, i.e. a crank angle 
window, which is aimed for by the engine control device 6. 

Alternatively, the crank angle position of a maximum combustion 
20 chamber pressure can be used for accurate and fast determination of 

the center of gravity position of the combustion. In this case, in 
accordance with Fig. 3, there is a direct empirical relationship between 
the maximum combustion chamber pressure which occurs and the 
position of the center of gravity during a working cycle. According to the 
25 invention, the center of gravity position can preferably be determined 

from an ignition pressure using an empirical model. The maximum 
cylinder pressure and the associated crank angle position are recorded 
for this purpose. 

3 0 Furthermore, according to the invention, the first law of 

thermodynamics can be used to determine the position of the center of 
gravity from the heating profile with a constant polytropic exponent, 
taking into account the pressure profile and the change in volume, in 
which case there is no need to record the air mass in the cylinder. In 

3 5 accordance with Fig. 4, this method likewise reveals a good correlation 

with measurement methods which have previously been disclosed. 
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The present invention can likewise be used to determine the untreated 
NOx emissions from the compression ignition internal combustion 
engine, so that the operating mode or setting of the exhaust gas after 
treatment device (not shown in Fig. 1) is optimized. In accordance with 
5 the invention, the profile of a mean gas temperature in the combustion 

chamber 1 1 of the internal combustion engine is determined, so that a 
gradient of the gas temperature with respect to a change in crank angle 
dT/dphi in a defined crank angle window is calculated, as shown in 
Fig. 6, and the untreated NOx emissions from the internal combustion 
10 engine are determined from this information, as shown in Fig. 7. 

According to the invention, the gradient of the gas temperature in a 
defined crank angle range is directly related to the untreated NOx 
emissions from the internal combustion engine. Therefore, 

15 determination of the untreated NOx emissions from the internal 

combustion engine is carried out accurately and quickly, for example in 
order to optimize a downstream exhaust gas aftertreatment device. 
Fig. 8 illustrates the relationship between the maximum mean gas 
temperature in the combustion chamber and an instantaneous 

2 0 untreated emission of NOx from the internal combustion engine. 

Accordingly, the formation of the NOx emissions during combustion can 
be minimized if the combustion is controlled accordingly. In this case, 
the fuel mass metered to the combustion chamber is controlled until a 
constant crank angle position of the combustion center of gravity is 

25 achieved. 



In general, a relative NOx reduction can be achieved by exhaust gas 
recirculation. Accordingly, the relative NOx reduction is directly related 
to the oxygen concentration of the cylinder charge. In accordance with 

3 0 Fig. 9, in the cvirrent state of the art, different percentage reductions in 

nitrogen oxides result from the same exhaust gas recirculation rates, 
depending on the load point of the internal combustion engine. By 
contrast, according to the invention the oxygen concentration of the 
cylinder charge is used as a measurement or control variable. 

35 Accordingly, a defined oxygen concentration of the combustion air is 

then established in the combustion chamber 11. In accordance with 
Fig. 10, this is measured and used as a control and measurement 
variable. 
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The untreated NOx emissions from the internal combustion engine 
which are determined from a maximum value for the mean gas 
temperature in the combustion chamber in accordance with Fig. 8 are 
then used for the required NOx reduction aimed for, and in accordance 
with Fig. 10 an exhaust gas recirculation rate is determined on this 
basis. Accordingly, the exhaust gas recirculation quantity is controlled 
in such a manner as to establish a defined oxygen concentration in the 
intake duct 15 in accordance with Fig. 10. A desired value for the 
oxygen concentration is preferably stored in the engine control device 6 
as a constant value in an engine map. According to the invention, the 
relationship between an NOx reduction rate and an exhaust gas 
recirculation rate illustrated in Fig. 10 is used for this purpose. As a 
result, the exhaust gas recirculation quantity is set in such a manner 
that there is a defined oxygen concentration in the intake air in the 
intake duct 15. Therefore, an NOx emission formed in the combustion 
chamber is reduced, and the exhaust gas aftertreatment provided for 
this purpose is optimized, so that, for example, the optimum quantity of 
NHs can be metered in with the aid of the present invention in a 
downstream SCR catalytic converter. 



